The likely future increase in atmospheric CO 2 and associated changes in climate will affect global patterns of plant production. Models integrate understanding of the influence of the environment on plant physiological processes and so enable estimates of future changes to be made. Moreover, they allow us to assess the consequences of different assumptions for predictions and so stimulate further research. This paper is a review of the sensitivities of one such model, Hybrid6.5, a detailed mechanistic model of terrestrial primary production. This model is typical of its type, and the sensitivities of the global distribution of predicted production to model assumptions and possible future CO 2 levels and climate are assessed. Sensitivity tests show that leaf phenology has large effects on mean C 3 crop and needleleaved cold deciduous tree production, reducing potential net primary production (NPP) from that obtained using constant maximum annual leaf area index by 32.9% and 41.6%, respectively. Generalized Plant Type (GPT) specific parameterizations, particularly photosynthetic capacity per unit leaf N, affect mean predicted NPP of higher C 3 plants by -22.3% to 27.9%, depending on the GPT, compared to NPP predictions obtained using mean parameter values. An increase in atmospheric CO 2 concentrations from current values to 720 ppm by the end of this century, with associated effects on climate from a typical climate model, is predicted to increase global NPP by 37.3%. Mean increases range from 43.9-52.9% across different C 3 GPTs, whereas the mean NPP of C 4 grass and crop increases by 5.9%. Significant uncertainties concern the extent to which acclimative processes may reduce any potential future increase in primary production and the degree to which any gains are transferred to durable, and especially edible, biomass. Experimentalists and modellers need to work closely together to reduce these uncertainties. A number of research priorities are suggested. 'The green leaf or, to be more precise, the microscopic green grain of chlorophyll, is the focus, the point in the world to which solar energy flows on one side while all the manifestations of life on earth take their source on the other side.' Kliment Arkadievich Timiryazev The conclusions of a century of plant physiology, speech at Moscow University, 12 January 1901
Introduction
The productivity of land plants provides humans with the bulk of their food and fibre and strongly influences the dynamics of atmospheric CO 2 . Quantifying and explaining the current global distribution of plant production, and predicting its future responses to climate change and increasing atmospheric CO 2 , are therefore major scientific objectives. This paper is a review of current approaches to modelling global plant production, and looks in detail at the parameterizations and sensitivities of a global-scale mechanistic model, Hybrid6.5, to illustrate typical abilities, findings, and remaining challenges in this area of research.
Major advances in our ability to simulate the global distribution of photosynthesis, plant production, and their dynamics have occurred over the last two decades. Improvements in physiological and biophysical understanding, model approaches, validation and calibration measurements, forcing datasets, and computer power have increased model rigour, accuracy, and spatial resolution. The utility of models lies not only in their absolute predictions, but at least as importantly in their ability to identify relationships between our level of understanding of individual processes and the quantity of interest. In other words, knowledge generated as a result of continual model development and appraisal helps to structure research priorities efficiently.
Mechanistic models of plant production allow us to address a wide range of interesting questions; some examples might include: How important are physiological differences between plant species in comparison to environmental variability for ecosystem processes? What proportion of plant production enters the human food chain, and how is this proportion spatially distributed? To what extent does soil surface evaporation reduce global productivity? Are leaf area dynamics in some sense optimal? Are the ultimate constraints on productivity environmental or biological? How have gymnosperms managed to persist despite more primitive physiology than angiosperms? How was plant production distributed spatially at various times in the past, and how might it change in the future? What role might acclimative processes play in determining future global primary production? A selection of these questions are addressed here as examples of the utility of plant production models.
Global plant production models
Models of global plant production vary from highly aggregated empirical approaches (e.g. Prince and Goward, 1995) , to complex mechanistic representations of coupled biology and physics (e.g. Bonan et al., 2003) . Predicting the impacts of climate change and increasing atmospheric CO 2 requires a relatively sophisticated approach to surface physics (e.g. radiation transfer, soil hydrology, surface temperature, and atmospheric coupling), as well as detailed mechanistic treatments of physiological (e.g. photosynthesis responses to light, CO 2 , temperature, and N content, integration to the whole canopy, acclimation, speciesspecific physiologies, respiration, growth, allocation, and phenology) and ecological (e.g. regeneration, mortality, nutrient feedbacks, competition, and impacts of disease, herbivory, pollution, and management) processes.
An important distinction between mechanistic approaches to modelling whole plant photosynthesis concerns the treatment of photosynthetic capacity and scaling of photosynthesis over the canopy volume. Photosynthetic capacity in this context is the metabolic potential for photosynthesis on a unit ground area basis. This quantity is determined by the chloroplast enzyme and chlorophyll content, and its distribution over the canopy. Some models prescribe capacity (e.g. CASA: Potter et al., 1993) , whereas others predict the dynamics of leaf area (e.g. LPJ: Sitch et al., 2003) and canopy N content (e.g. O-CN: Zaehle and Friend, 2010) . Scaling photosynthesis over the canopy is often achieved assuming linearity between the rate of net photosynthesis and absorbed radiation (the so-called 'big leaf' approach; Sellers et al., 1992 ; often justified on the grounds of optimal distribution of photosynthetic capacity, but see Friend, 2001 ). However, a more accurate approach is explicitly to integrate over canopy sub-volumes with spatially varying physics and physiology (e.g. O-CN: Zaehle and Friend, 2010) .
A mechanistic model of plant production can be logically broken down into three distinct components: external forcing, physical processes, and biological processes. External forcing typically consists of climate and soil variables, whose space and time scales will determine the simulation domain and resolution. Physical processes may consist of radiation transfer, water flows and state transitions, and the dynamics of heat. Biological processes may consist of canopy net photosynthesis, mitochondrial respiration in non-foliage tissues, nutrient uptake, allocation and growth, and litter turnover. They may also include mortality and regeneration (e.g. Hybrid4.1: Friend and White, 2000) , or at least a parameterization of competition processes, for example, using Lotka-Volterra equations based on relative productivity (e.g. TRIFFID: Cox, 2001 ).
Model predictions
Global plant production is usually expressed in terms of annual net primary production, NPP. NPP is the annual increment in plant dry mass after allowing for losses due to respiration of CO 2 , but before any litter losses. Although NPP is a measure of dry matter increment, the conservative stoichiometry of plant tissues make it convenient to express NPP in purely carbon, e.g. or CO 2 units (it is often assumed that dry matter is 45% carbon, e.g. Leith, 1973) .
The first known published estimate of global terrestrial plant production, based on field measurements, was that of Eberymayer in 1881 (cited in Leith, 1973) , who extrapolated from measurements in Bavarian forests and croplands to arrive at a global figure of 90 Pg (1 Pg¼10 15 g) CO 2 yr À1 . The many different estimates over subsequent years reflect uncertainty in areal extent of different vegetation types and their classification, as well as mean rates of production. Modern estimates began with the work of Whittaker, Likens, and Leith during the seminal International Biological Program (1964 -1974 . For example, Leith (1973) (Cramer et al., 1999; Zaks et al., 2007) .
A new highly mechanistic global model of photosynthesis is used in this paper to investigate the relationships between current understanding and predictions of the distribution of plant production over the Earth's land surface. The model is then used to estimate the possible distribution of plant production at the end of this century given increased concentrations of atmospheric CO 2 and associated changes in climate patterns.
Methods
The model: Hybrid6.5
Hybrid6.5 simulates the carbon, nitrogen, phosphorus, water, and energy fluxes and structural changes in terrestrial ecosystems at hourly to decadal timescales, and at spatial scales ranging from the individual plant to the whole Earth. The main sub-models treat: (i) canopy photosynthesis and stomatal conductance; (ii) respiration and partitioning of labile C to various tissues and uptake and partitioning of labile N and P; (iii) litter production; (iv) soil organic matter decomposition; (v) canopy radiation transfer; (vi) surface energy and water balance; and (vii) height structured competition between individuals in plots. Soil properties such as water-holding capacity are prescribed. Climate forcing can be provided by mean-monthly climate data (downscaled to sub-hourly timesteps using a weather generator), or through coupling to a model of the atmosphere such as a global climate model (GCM).
A baseline simulation of global plant production was performed and is presented here. This simulation was designed to provide the most accurate estimate currently possible and was achieved by coupling current understanding of the physiology of photosynthesis with the best available forcing datasets. In order to constrain the estimate using observations as far as possible, the distributions of plant types, leaf areas, and photosynthetic capacity per unit leaf area were prescribed from remote sensing and in situ observations (see below), rather than modelled prognostically as in the fully dynamic implementation of the model. Hybrid6.5 differs from previously published versions of the Hybrid model (described in Friend and White, 2000 , and references therein) in a number of ways. Those differences most relevant for the simulations presented here are: (i) canopy physiology and photosynthetic capacity in C 3 plants are as in the canopy model of Friend and Kiang (2005) ; (ii) canopy physiology and photosynthetic capacity in C 4 plants are as described below; (iii) a 30 min timestep is used for all calculations, rather than a daily timestep; (iv) the optimal temperature for chloroplast electron transport acclimates to the prevailing conditions (see below); and (v) surface physics are modelled using an implementation of a GCM land surface scheme, treating explicitly separate patches of different vegetation types within each land surface climate grid box. In addition, because the distributions of plant types and leaf area are prescribed, in order not to confound the results unnecessarily the parameterizations of physiological damage from frost or drought were switched off (these parameterizations are important for determining the outcome of competition, but are presumed less critical under the constraints imposed here). Processes such as growth and allocation are not implemented for these simulations. Details of how the physiology is treated that are relevant to the simulations shown here are given below, and the relationships between the main parameters, variables, and other calculated quantities related to the calculation of NPP are described schematically in Fig. 1 .
Leaf-level net photosynthesis: Photosynthesis in Hybrid6.5 is calculated using considerable physiological detail, and is based on the analytical solution to the leaf photosynthesis model of Kull and Kruijt (1998; hereafter KK) ,
where A is the instantaneous rate of whole leaf gross (i.e. not including mitochondrial respiration, but including photorespiration) photosynthesis on a leaf area basis, C* is the photorespiration compensation point (in the absence of dark respiration), C i is the intercellular CO 2 concentration, m sat is the N-normalized rate of light-saturated carboxylation, N sat is the cumulative leaf N content at which limitation by light harvesting takes over from limitation by Rubisco or maximum electron transport capacity, a is the intrinsic quantum efficiency for CO 2 uptake, m 1 is the ratio of electron transport limited carboxylation to maximum electron transport capacity limited carboxylation, r r is leaf reflectance, I 0 is incident photosynthetically active radiation (PAR), k a is the coefficient of PAR extinction on chlorophyll, n 3 is the ratio of chlorophyll to N (assumed constant through the leaf), and N p is total leaf N on a leaf area basis. Equation 1 differs from classical implementations of the 'Farquhar et al.' model of C 3 leaf photosynthesis (Farquhar et al., 1980; von Caemmerer and Farquhar, 1981) , such as those of Collatz et al. (1991) and Harley et al. (1992) , in several important ways. It treats explicitly the extinction of light over chlorophyll through the leaf, thereby separating the leaf cross-section into a region of light saturated and a region of light harvesting limited chloroplasts. The rate of photosynthesis in the light saturated region is given by 1 À 
ÁÃ
. At low light the entire leaf may be light harvesting limited; conversely, if the chloroplast content is sufficiently low, the leaf may be entirely light saturated. The separation of regions within the leaf is calculated on each timestep as a function of incident light, temperature, C i , and leaf N.
As well as resulting in more realistic relationships between incident light, photosynthetic capacity, and photosynthesis, this approach obviates the need for two empirical constants: a 'convexity' parameter describing the relationship between actual and potential rates of electron transport (e.g. Equation A 11 in von Caemmerer and Farquhar, 1981) , and a parameter describing the smoothing between carboxylation and RuBP regeneration limited rates of photosynthesis (e.g. h in Collatz et al., 1991) . Friend (1995) found that modelled net photosynthesis was more sensitive to this empirical smoothing parameter than any other model parameter, significantly compromising the mechanistic basis of the traditional approach and reducing its predictive ability. Also, Sands (1996) found strong sensitivity of canopy photosynthesis to the leaf-level convexity parameter. Additional evidence for the advantages of the KK approach compared to the traditional approach was provided by Friend (2001) , and its superior predictive ability when scaled to the canopy level has been confirmed in comparisons with in situ flux data from a wide range of forest types (S Zaehle, personal communication).
The KK model of C 3 leaf photosynthesis was adapted for C 4 photosynthesis for the simulations performed here. Although C 4 leaf anatomy is different from that of C 3 leaves, the overall approach to separation of regions of light saturated and regions of light harvesting limited chloroplasts due to light extinction is assumed to hold. The KK model was adapted to C 4 metabolism using insight from the full intercellular C 4 transport (ICT) model of Collatz et al. (1992) .
The KK model was adapted for C 4 physiology by adding an additional potential limitation to carboxylation due to the velocity of the phosphoenolpyruvate carboxylase (PEPCase) reaction in light saturated regions. This rate depends on the air space concentration of CO 2 and the activity of PEPCase, and the following equation was fitted to the ICT model,
where msat p is the CO 2 limited N-specific rate of light saturated carboxylation (cf. Equation 1), k is a rate constant, n f is the fraction of leaf N allocated to photosynthetic compounds, p i is the air space partial pressure of CO 2 , and P is total air pressure. k was calculated from the full ICT model to be 2 mol CO 2 mol À1 N s
À1
, and is assumed to have a Q 10 ¼2 temperature dependency as in Collatz et al. (1992) . Within light saturated bundle sheath cells, the Fig. 1 . Overview of relationships between forcing variables, state variables, and derived quantities related to the calculation of net primary production in the Hybrid6.5 model. The main quantity calculated is the rate of gross leaf photosynthesis. Leaf-level quantities are integrated to the canopy level. Canopy net photosynthetic capacity is the CO 2 -saturated rate of canopy net photosynthesis. For clarity, only the top representation of canopy temperature (linked to evapotranspiration) shows its full derivation. See main text for full details of model structure.
potential limitations to C 3 photosynthesis due to electron transport capacity or RuBP saturated carboxylation are calculated as in a KK model, except that the CO 2 partial pressure is fixed at 7800 Pa, a value calculated using the full ICT model under peak rates of photosynthesis.
As in the C 3 KK model, the rate of photosynthesis in the light harvesting limited region is assumed to be a linear function of the rate of light absorption. However, the intrinsic quantum yield is reduced by 40% to account for the fraction of absorbed light assumed to be used for the PEPCase reactions (Berry and Farquhar, 1978) .
In Hybrid6.5, the N-specific potential rate of carboxylation in both C 3 and C 4 leaves is assumed to fall with falling soil water potential, as indicated from combined in situ and modelling analysis of the response of tree canopy photosynthesis to drought (Keenan et al., 2009) . The functional form of this relationship is assumed to be a linear reduction down to the complete cessation of carboxylation at a soil water potential of -1.5 MPa.
It has been frequently observed that photosynthesis acclimates to growth temperature, although this plasticity is quite variable between species (Berry and Bjö rkman, 1980 ). An important mechanism for temperature acclimation is believed to be change in the optimum temperature for photosynthetic electron transport, at least in winter wheat (Yamasaki et al., 2002) , although it is clear that a number of other factors also contribute to the temperature acclimation of photosynthesis (Hikosaka et al., 2006) . In order to examine the potential importance of this type of acclimation for the distribution of plant production, and its response to climate change, a straightforward parameterization was implemented in Hybrid6.5, and applied to all plant types. The temperature dependence of electron transport is modelled using the formulation suggested by June et al. (2004) ,
where J(T L ) is the rate of electron transport at leaf temperature T L , J(T o ) is the rate at the optimum temperature T o , and X is an empirical parameter controlling the slope of the response either side of the optimum temperature, and is given here the value of 18°C, the mean of the values observed by June et al. (2004) in soybean. June et al. (2004) explain why previous formulations of the response of photosynthetic electron transport to temperature were inaccurate, particularly in their prediction of more rapid declines above than below the optimum temperature, a feature not observed in whole intact leaves.
The optimum temperature for electron transport is assumed to decay towards an equilibrium optimum value during daylight hours,
where T e is the equilibrium optimum temperature (°C), and the decay constant k¼ -3.3310 À6 s, giving an e-folding time of 3 d, based on evidence of rapid adjustment in many species (Veres and Williams, 1984) . Rather than simply setting T e to the prevailing canopy temperature, which may vary quite widely during the day, an optimal relationship was derived. A linear function between T e and T L was assumed, and the equation 17.0+0.35T L (T L in°C, daylight hours only) was found to maximize annual GPP in a broadleaved deciduous forest in Pennsylvania, USA. It is encouraging to note that the slope of this relationship is very close to that observed in a range of plant species (studies cited by Hikosaka et al., 2006) . As a first approximation this relationship is assumed to hold everywhere, although it is recognized that different locations may require different coefficients for local optimality (this is tested, see below).
Canopy-level photosynthesis and respiration: Leaf-level photosynthesis is scaled to the canopy as described in Friend (2001) and Friend and Kiang (2005) . A significant feature of the KK model is that light extinction over chloroplasts, and rates of photosynthesis, are both expressed on a leaf N basis. This greatly facilitates scaling from leaf to canopy and the parameterization of different plant species and plant types. Leaf N is assumed to fall exponentially down through the canopy with an extinction coefficient over cumulative LAI of -0.11. The ratio of chlorophyll to leaf N is assumed to increase with canopy depth according to the parameterization given by Friend and Kiang (2005) , fitted to the field measurements of Kull and Kruijt (1998) . This spatial variability in leaf physiology determines the photosynthesis-light response curves at different canopy depths and the bulk response curve of the entire canopy ('bulk' in this context refers to the effective value for mass flux across the total canopy surface on a ground area basis).
Leaf-level photosynthesis is summed over sunlit and shaded fractions in horizontal canopy layers of 0.5 LAI units deep, and then summed over layers to give canopylevel gross photosynthesis. Canopy respiration is then subtracted to give net canopy photosynthesis. Canopy respiration is calculated as a function of N content, temperature, and a plant type specific photosynthetic N scalar (see below). Respiration is given different N and temperature dependencies in C 3 and C 4 canopies .
Canopy stomatal conductance and intercellular CO 2 : Stomatal conductance is calculated directly at the bulk canopy level, and used to calculate a bulk canopy C i for the photosynthesis calculations in each canopy layer. Canopy stomatal conductance is also used to calculate evapotranspiration (see below). The canopy stomatal conductance formulation is semi-empirical and includes dependencies on C i , the leaf to air specific humidity gradient, soil water potential, and the potential rate of canopy photosynthesis under conditions of saturating CO 2 . This last factor accounts for the stomatal dependencies on light, temperature, and photosynthetic capacity (see Friend and Kiang, 2005 , for the rationale behind this approach). Parameter values in the conductance formulation are assumed to be invariant over plant types, although this is almost certainly a significant approximation. However, determining plant type specific values would be a major undertaking, and sensitivity tests can be used with the present approach to determine those parameters, processes, and regions where plant type specific differences matter. Processes likely to play important roles in future responses to climate change include stomatal closure with increasing CO 2 concentrations, and responses to changing specific humidity. The empirical equation for the CO 2 response is,
where f CO 2 is the relative effect of C i on conductance, and the empirical constants were fitted to the data of Forstreuter (1998) for European beech. The relative response to specific humidity is,
where f D is the relative effect of specific humidity deficit on conductance, and D is the specific humidity deficit between the internal leaf air spaces and the external leaf surface (kg (water vapour) kg (air) À1 ). The empirical constants were determined as described in Friend and Kiang (2005) , and give a strong closing response.
Whole plant mitochondrial respiration and growth: NPP is taken as the difference between canopy gross photosynthesis and whole plant mitochondrial respiration (R m ). R m is assumed to be substrate limited, and is therefore proportional to the size of a labile carbon pool,
where f T,Rm is a temperature response function, k m is a constant of proportionality, and M C,l is plant labile C mass. The temperature response function is assumed to be an Arrhenius-type function, with constants calibrated to give an overall Q 10 response of 2 around 10°C; i.e. 7:65310 7 e À45000=RT L , where R is the universal gas constant (respiration is assumed to be proportional to canopy temperature, which in the simulations presented here is set to the upper soil layer temperature; see below).
The time derivative of the labile C pool is given by,
where U C is canopy photosynthesis and G C is the rate of incorporation of labile C into structural tissues. The labile C pool is assumed to have a turnover time of 14 d, a value reflecting evidence across a range of studies (references cited by Bowling et al., 2008) . It is also assumed that, over a sufficient length of time, respiration accounts for half of the labile C turnover, the other half going to growth (experimental support for the constancy of this ratio is given by Gifford, 1995) , and therefore k m ¼0.5/s Cl , where s Cl is the turnover time of the labile pool. G C is calculated in the same way as R m (with equal parameter values) in the simulations presented here (the fully dynamic implementation of the model calculates G C as a function of demand for labile C by meristems). Therefore the details of the temperature response function, such as its Q 10 value, do not affect NPP or respiration over sufficiently long time periods, such as a year.
Light, heat, and water: The distributions of direct and diffuse PAR over the canopy are modelled following the approach of Spitters (1986) , as described by Friend (2001) . PAR extinction over leaf area is based on extinction over canopy layers, but treats the separate profiles of direct and diffuse irradiances, and the scattering of direct PAR which increases the diffuse flux at lower levels. Surface heat and water fluxes are modelled using an implementation of the NASA Goddard Institute for Space Studies (GISS) global climate model (GCM) II (Hansen et al., 1983) as described by Friend et al. (2009) . Two soil layers (an upper of 0.1 m and a lower of 4 m thickness) are treated, with heat and water content followed in each. For the purposes of energy balance and temperature, the upper layer is assumed to include all vegetation structure as well as the actual soil. The heat content of this upper layer varies with the balance of inputs from absorbed solar radiation and heat in precipitation, and losses to net upward longwave radiation, sensible and latent heat fluxes, and net transfer with the lower layer. Canopy temperature is assumed to be equal to the temperature of the upper soil layer. The flux of heat between the upper and lower soil layers depends on their relative temperatures and a thermal conductivity parameter. The upper layer soil water is modelled as a function of inputs from precipitation, and outputs to transpiration, bare soil evaporation, run-off, and the net flux with the lower layer. Transpiration is assumed to come from the soil layer with the highest relative water content to which the plant has access. Fluxes of heat, moisture, and CO 2 from the surface to the atmosphere are calculated using a drag law parameterization (Hansen et al., 1983; Friend and Kiang, 2005) .
Atmospheric forcing: Climate and CO 2 forcing is assumed to be located at a level 10 m above the top of the canopy. A stochastic daily weather generator based on the WGEN model of Richardson and Wright (1984) and the SIMME-TEO model of Geng et al. (1988) is used (Friend, 1998) . This approach employs a first-order Markov chain and associated dependencies to down-scale mean-monthly precipitation, number of wet days, 24 h maximum and minimum temperatures, radiation, and vapour pressure to daily values of precipitation, maximum and minimum temperature, downwelling radiation (shortwave, direct and diffuse PAR, and longwave), and specific humidity to daily values. Daily values are created for one month, and then adjusted such that the monthly mean is equal to the meanmonthly value in the forcing. This ensures that each annual climate cycle is identical to the prescribed forcing, reducing the time to equilibrium when using a mean climatology, but maintaining realistic variation between days in each month. Radiation and air temperature are then distributed across sub-daily timesteps using the daytime progression of sun angle . The daily ratio of actual to potential shortwave radiation is used to calculate the daily cycle of direct and diffuse PAR using the relationships given by Spitters et al. (1986) . Atmospheric pressure is assumed fixed at 101 325 Pa and wind speed at 2 m s À1 .
Plant type parameters: To allow treatment of global scale variation in important plant physiological properties, species are classed into nine 'Generalized Plant Types' (GPTs). GPT specific parameter values are given in Table 1 , and their derivation is described in Friend and Kiang (2005) and Friend et al. (2009) . In the simulations presented here it is assumed that the first order physiological differences between leaves of C 3 plants are accounted for by differences in total N (this is a prognostic variable in the fully dynamic implementation of Hybrid6.5), the fraction of N allocated to photosynthetic compounds (n f ), and specific leaf area. The KK model of leaf photosynthesis includes proportionality constants relating maximum electron transport rate (J max ) and maximum potential carboxylation (V c,max ) to leaf N. These values are both calibrated for different GPTs using a relative photosynthetic capacity parameter (Table  1) . Most GPT parameter values were taken from the literature, but flux tower data were used to estimate the ratios of photosynthetic capacity to foliage N and the canopy conductance parameters.
Implementation: Atmospheric forcing above the plant canopy and/or bare soil is assumed to apply to a whole grid box, with sides of 0.25°latitude and longitude. Each grid box is divided into separate surfaces, each with a different vegetation cover or with bare soil. Surface physics are calculated separately for each surface, allowing soil moisture contents and temperatures to evolve independently. Surfaces can contain many individuals of different GPTs. However, here a single fixed-size individual is simulated on each vegetated surface, with the number of vegetated surfaces in each grid box equal to the number of GPTs assigned from a land cover dataset (see below). Plant types: The global distribution of the fractional cover of GPTs was assumed fixed and was derived from the IGBP DISCover land cover datasets. These data are based on satellite observations, and were derived using 1 km monthly Advanced Very High Resolution Radiometer Normalized Difference Vegetation Index composites covering calendar years 1992-1993, as described by Loveland et al. (2000) . Fractional cover datasets, already aggregated to QD resolution, were downloaded from http://islscp2.sesda.com Table 1 . Generalized plant type (GPT) mnemonics and leaf physiology parameter values C4GR uses the C 4 photosynthetic pathway, with intrinsic quantum yield¼0.05 mol CO 2 mol À1 quanta; all other plant types use C 3 physiology with intrinsic quantum yield¼0.08 mol CO 2 mol À1 quanta. Relative photosynthetic capacity is with respect to the values given by Kull and Kruijt (1998) for the ratios of maximum chloroplast electron transport rate and maximum rate of carboxylation to total leaf N. Derivation of parameters is described in Friend et al. (2009) and Friend and Kiang (2005) . The mean GPT is used for a sensitivity test of the model (SIM4), and has the mean parameter values across the non-moss C 3 GPTs. km square). The global field of AWC was created and degraded to QD resolution by simple averaging over grid boxes of non-zero values of AWC. If a QD grid box contained no non-zero AWC soil units, but contained LAI in the MODIS derived product, a nominal AWC value of 100 mm m À1 was assigned to the land cover in that box. AWC is taken to be the amount of water that can be held in the rooting zone between plant wilting point and field capacity (FC). There is a fairly linear relationship between FC and AWC across soil textual classes, and therefore Hybrid6.5 converts AWC to field capacity for internal hydrological calculations by simple scaling. A scaling factor of 1.75 is used for the baseline simulations, a value at the lower end of the observed range.
Climate: Annual values of monthly precipitation, number of wet days, mean 24 h maximum and minimum temperatures, and mean vapour pressure at 0.530.5°resolution for calendar years 2001-2006 were obtained from the Climatic Research Unit, University of East Anglia TS 3.0 dataset (CRU, 2008) . This product was derived by interpolating station meteorological data and is an update of the dataset described by Mitchell and Jones (2005) . Mean-monthly values were calculated and then re-sampled to QD resolution.
Shortwave radiation was taken from the ISCCP-FD RadFlux version dataset (Zhang et al., 2004 ; downloaded from ftp://isccp.giss.nasa.gov/outgoing/FLUX/MPF/ on 7 January 2009). These data were derived using the NASA Goddard Institute for Space Studies radiative transfer Table 2 . Land cover classification dataset mapping to Hybrid6.5 cover/GPT types The SiB Model Class 'Ground cover with trees and shrubs' covers most savanna vegetation types, and so was further split using the IGBP savanna sub-divisions which distinguish degree of woodiness. In addition, herbaceous types are split into C 3 and C 4 physiologies based on annual maximum mean-monthly 24 h maximum temperature (obtained from the CRU climate forcing), with C 4 assumed when this is greater than 31°C (based on the simulated vegetation distribution of Woodward et al., 2004) . GPT mnemonics are defined in Table 1 (Conway et al., 1994; Masarie and Tans, 1995;  http://www.esrl.noaa.gov/gmd/ccgg/trends/).
Masking: All global fields were gridded to the same QD resolution, as explained above. Re-sampling the CRU climate fields resulted in 2310 out of 250 999 QD grid boxes with land but no climate data, and so these were not used in the simulations reported here. 1507 grid boxes had climate data and non-zero leaf area in the MODIS product, but no land in the FAO product. These grid boxes were assigned nominal AWC values of 100 mm m À1 .
Forcing climate data for 2090s simulations
In order to assess the potential sensitivity of the distribution of global plant production to an estimate of future climate, a typical GCM prediction for the end of this century was downloaded and formatted for input to Hybrid6.5. The GISS-AOM GCM (Russell et al., 1995) Special Report on Emission Scenarios (SRES) A1B simulation was prepared for the IPCC AR4 (as a component of the 'WCRP CMIP3 multi-model dataset'). This simulation consisted of an initialization for preindustrial conditions, a run up to 2000 using observed radiative forcing, and then a run to 2100 using the A1B scenario of future radiative forcing. Monthly model output from 'Run 1' was downloaded from the IPCC-Model Output archive of the PCMDI on 5 August 2009 (https://esg.llnl.gov:8443/index.jsp). SRES A1B consists of a fairly rapid increase in anthropogenic greenhouse gas forcing, with atmospheric CO 2 concentrations rising rapidly to reach 720 ppm in calendar year 2100. Monthly mean global surface fields for calendar years 2000-2100 of predicted precipitation rate, daily minimum and maximum temperatures, specific humidity, atmospheric pressure, and downwelling shortwave radiation were downloaded in the native spatial resolution of 4°longitude 3 3°l atitude and then re-sampled to the QD resolution. Monthly means of water vapour pressure were calculated from specific humidity and pressure, and mean-monthly anomalies of water vapour pressure, 24 h minimum and maximum temperatures, precipitation, and radiation between the decade 2091-2100 and the decade 2001-2010 were then calculated. These anomalies were then added to the observed mean-monthly values of these variables over calendar years [2000] [2001] [2002] [2003] [2004] [2005] [2006] to create a future climate forcing dataset. If, after applying the anomaly, a given monthly radiation flux, rate of precipitation, or water vapour pressure were negative, the value was set to zero. Number of wet days per month and all non-climate forcings were not changed, except for atmospheric CO 2 concentration, which was set to 720 ppm.
Global mean temperature over QD land grid boxes is predicted to increase 2.1 K over the rest of this century, with much larger increases at high latitudes, especially in northern Eurasia where warming over 10 K is common. The Mediterranean region experiences strong drying, with reductions in mean annual rainfall of over 1 mm d À1 in many parts, such as much of Spain and Greece. Large parts of southern Africa also experience strong drying. Large increases in rainfall occur over southern Asia, especially Indonesia. Changes in mean annual radiation are relatively modest, with reductions over most high latitude regions and the Tibetan Plateau of up to 10 W m À2 , and increases over the Mediterranean region and parts of China. Atmospheric water vapour increases strongly over the tropics and eastern North America, with gains of over 300 Pa across India.
Results and discussion

Baseline simulation
A baseline simulation was performed using the constrained implementation of Hybrid6.5 described above, with initial ground temperatures set to the local January mean air temperature and initial relative soil water in each layer set to 0.8. Predicted NPP took about 30 years to reach quasiequilibrium (i.e. no systematic long-term drift in any regions) under forcing with mean 2001-2006 conditions. A mean global value of 58.8 Pg C yr À1 was obtained over model years 35-45 (SIM1, Table 3 ). The predicted global distribution of this NPP is shown in Fig. 2 , with the latitudinal distribution shown in Fig. 3 and global values for each GPT given in Table 3 . The main drivers of the simulated spatial variability are precipitation, leaf area, growing season length, and the distribution of C 3 versus C 4 plants.
Predicted global NPP is similar to previous estimates, including those of Ajtay et al. (1979; 59.9 Pg C yr À1 ) and Saugier et al. (2001; 62.6 Pg C yr À1 ). The often cited value of 56.4 Pg C yr À1 of Field et al. (1998) (F98) is close to the Hybrid6.5 value, despite being based on much simpler algorithms (i.e. the CASA production efficiency model constrained by satellite measurements of light absorption). The slight difference with their value might be explained by the different (earlier) time period of their forcing (i.e. calendar years [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . However, comparison of values for individual GPTs (Table 3) indicates much greater differences between the model approaches than suggested by the global values and latitudinal distributions (Fig. 3) alone. In particular, Hybrid6.5 simulates 3.0 Pg C yr À1 (17.0%) lower NPP by broadleaved evergreen trees than reported in F98, which is compensated in the global value by higher NPP in all other GPTS, particularly C 4 grasses (+2.0 Pg C yr À1 , or 15.9% higher) and needleleaved evergreen trees (+1.1 Pg C yr À1 , or 23.2% higher).
The 17% lower NPP of the broadleaved evergreen tree GPT than in F98 is possibly due to the leaf-level photosynthesis approach in Hybrid6.5. Consideration of light extinction over chloroplasts introduces a strong constraint on leaf and canopy photosynthesis at high light levels. In contrast, the CASA approach (Potter et al., 1993) uses a light-use efficiency (LUE) algorithm in which monthly production is calculated as a linear function of absorbed light, modified by temperature and soil moisture scalars. The high LAI of tropical rainforests ensures that most of the incident light is absorbed, and the wet and warm conditions ensure that most of this energy is converted into fixed C. However, observations indicate that canopy photosynthesis does not scale linearly with incident light, even on monthly timescales. For example, Malhi et al. (1998) measured canopy photosynthesis light response curves with the eddy covariance technique at a productive tropical rainforest site in central Amazonia. Canopy photosynthesis exhibited strong non-linearity, and saturated completely at solar radiation >600 W m À2 , suggesting that, at least qualitatively, the light response approach of Hybrid6.5 is more realistic than the approach of CASA. Clark et al. (2001) critically analysed tropical forest NPP field data, and after excluding a discredited outlier, reported a maximum upper NPP bound in tropical old-growth forest of 2170 g C m À2 yr À1 , close to the Hybrid6.5 maximum for broadleaved evergreen trees of 2311 g C m À2 yr À1 . Measuring NPP in the field, especially in tropical rainforests, is notoriously difficult, and therefore comparisons with field data should be made cautiously, but this close match is encouraging. The predicted mean value of 1152 g C m À2 yr À1 is perhaps harder to evaluate as this would require a comprehensive measurement campaign across the global tropics. Nevertheless, it is again encouraging that the mean value of upper bound estimates for old growth Table 3 . Distribution of NPP over GPTs as predicted by the Hybrid6.5 baseline simulation for modern conditions of climate, CO 2 , and leaf area (SIM1)
Results also given for baseline conditions but constant maximum LAI (SIM2), fixed T o (SIM3), equal physiological parameters across all GPTs (SIM4), 2090s climate and atmospheric CO 2 forcing (SIM5), and 2090s climate forcing only (SIM6). Also shown are NPP estimates for modern conditions derived from Field et al. (1998; F98) , assuming that their 'Tropical rainforests'¼BREVt; 'Broadleaf deciduous forests'¼BRCDt; 'Broadleaf and needleleaf forests'¼0.53BRCDt + 0.53NLEVt; 'Needleleaf evergreen forests'¼NLEVt; 'Needleleaf deciduous forest'¼NLCDt; 'Savannas'¼0.773C4GR+0.233BRDD (ratio from this study); 'Perennial grasslands'¼C3GR; 'Broadleaf shrubs'¼BREVs; 'Tundra'¼BREVs; 'Desert'¼BREVs; and 'Cultivation'¼C3GR. Mnemonics are defined in Table 1 tropical forests reported by Clark et al. (2001) is 1248 g C m À2 yr À1 , close to the Hybrid6.5 global mean estimate. The 16% higher NPP of C 4 grasses in Hybrid6.5 than in F98 is presumably at least partly a result of the use of a globally constant light use efficient in CASA, whereas in reality light use efficiencies of C 3 and C 4 plants have very different temperature response functions (Ehleringer and Cerling, 2001) .
The 23% higher needleleaved evergreen tree NPP in Hybrid6.5 than in F98 likely reflects an underestimation in F98. Figure 3 shows binned 2.5°band in situ observations compiled by Zaks et al. (2007) along with the predictions of the two models. These indicate that the Hybrid6.5 predictions are in line with observations at high northern latitudes, whereas the F98 values are perhaps too low. However, a rigorous quantitative comparison is not yet possible given the sampling distribution of the observations (Zaks et al., 2007) .
In addition to parameter values for different GPTs, other model assumptions could be responsible for differences between predicted and observed NPP. In particular, autotrophic respiration is modelled in Hybrid6.5 using a rather simple substrate-limited parameterization (Equation 7), calibrated such that 50% of fixed carbon is lost by this process over the long term. Theoretical evidence supports the idea of a relatively fixed ratio of NPP to GPP (Dewar, 2000) , but in situ measurements of the components of NPP are too uncertain to assess model assumptions and predictions quantitatively. For example, Malhi et al. (2009) calculated NPP/GPP ratios for three intensively measured tropical rainforest sites in Amazonia, finding ratios of 0.3260.07 at Caxiuaña, 0.3460.10 at Manaus, and 0.4960.16 at Tapajós. While these differences between sites were not statistically significant, they do suggest that the mean fraction of GPP lost to respiration is closer to 0.6 than 0.5 in this ecosystem type.
There is clearly a significant need for better observational constraints on NPP, both in terms of coverage and methodology. Inevitably, it is extremely challenging to measure all components of an ecosystem's carbon balance, especially those below-ground. Eddy covariance measurements over different vegetation types have increased our understanding of the relationships between atmospheric forcings, plant types, and carbon fluxes, but significant technological challenges remain in balancing integrated fluxes to the atmosphere with changes in stocks (e.g. Kominami et al., 2008) . Moreover, recent evidence such as that of substantial internal recycling of respired carbon through root-canopy transport (Aubrey and Teskey, 2009) , suggests that links between physiology and fluxes may be more difficult to determine from atmospheric measurements than previously appreciated.
Despite these caveats, it is reasonable to conclude that Hybrid6.5 predicts realistic NPP values across different GPTs and climate systems.
Sensitivity tests
A mechanistic model such as Hybrid6.5 can be used to address a wide variety of questions concerning plant production, including the impact of different processes and their parameterizations on model outcomes. Interesting questions include the relationships between the timing of leaf display and production, consequences of acclimative processes, and the significance of physiological differences between plant types. Answers to these questions can improve our understanding of actual processes, inform model development, and structure further experimental research. Three model sensitivity experiments designed with these points in mind are described and evaluated below.
Leaf phenology: The relative extent to which parameterization of leaf phenological processes influences model outcomes compared to other components is unclear. To address this question, the last 10 years of the baseline simulation were repeated except that LAI in each grid box was held constant at its maximum mean-monthly value over 2001-2006. The difference between this predicted NPP and that predicted in the baseline simulation is therefore a measure of the extent to which leaf area variation between seasons influences plant production. The results of this simulation are shown for each GPT in Table 3 (SIM2) , with the geographical distributions of the absolute and relative differences shown in Fig. 4 .
Large absolute effects of phenology occur for grass and cropland production and are located in the Prairie Belt of North America, the Sahel, Chinese croplands, and the Indian sub-continent (Fig. 4A) . These results are interesting in that they suggest that leaf area duration is sub-optimal for annual food production in these regions, and that soil moisture may not be the major control on phenology. Cropland phenology is dominated by planting time, developmental rates, and harvesting schedules, whereas savanna leaf area may be limited by fire in many years. It is possible that constraints not included in these simulations, such as nutrient supply, limit leaf area duration in these regions. However, to understand further the significance of this result for grass and cropland production, it will be necessary to conduct careful site-level model-data comparisons over the full seasonal cycle.
Forcing LAI to its annual maximum increases global NPP by 22.3%, with the greatest relative increases in moss (42.9%) and needleleaved cold deciduous trees (38.7%) (Table 3) . Large relative increases are evident in tundra ecosystems and central Asian croplands (Fig. 4B) . It is to be expected that plants growing in regions with very cold winters will be strongly influenced by their phenology, although the magnitude of the effect in needleleaved cold deciduous trees across North America and parts of northern Asia is surprisingly high. These results suggest that correctly simulating the phenology of Larix spp. and croplands needs to be a priority in the future development of dynamic vegetation models.
Temperature acclimation: In order to assess the significance of acclimation processes for annual plant production, the last 10 years of the baseline simulation were repeated but with the optimum temperature for chloroplast electron transport (T o , Equation 3) held constant at 31°C. The global effect is a small (2.52%) reduction in NPP (Table 3, SIM3) , suggesting that acclimation of T o is not very important for plant production at the global scale. However, the parameterization used was optimized for conditions in Pennsylvania, USA, and regions cooler than this location exhibit reductions in NPP of up to 20% when T o is held constant, whereas warmer regions exhibit modest (i.e. <50 g C m À2 yr À1 ) increases. This suggests that the parameterization of temperature acclimation needs to be made GPT and/or location-specific. Also, it is possible that photosynthetic temperature acclimation processes are indeed more important than suggested here. Full acclimation probably involves changes in a number of chloroplast biochemical properties in addition to electron transport (Hikosaka et al., 2006) .
Physiological parameters: An ongoing debate in the development of dynamic global vegetation models concerns the level of physiological differences between plant types that need to be included to capture the range of potential plant responses to environmental forcing (Lavorel et al., 2007) . As a contribution to that debate, the last 10 years of the baseline simulation were repeated but with all GPTs assigned parameter values equal to the mean values of the non-moss C 3 GPTs (Table 1) . Differences between this simulation and the baseline simulation quantify the importance of GPTspecific parameterizations for plant production processes.
Mean global NPP is reduced by 14.1%, mainly as a result of the lack of C 4 physiology (Table 3, SIM4). Within C 3 GPTs (excluding mosses), NPP changes by between -22.3% (NLEVt) and +27.9% (BREVs), a large range. These effects are primarily due to the amount of photosynthetic N per unit ground area being controlled by specific leaf area, foliage N content, and relative photosynthetic capacity (Table 1) . This suggests that a thorough understanding of the variation in these parameters within and between GPTs would have significant benefits for our ability to model global plant production. Efforts are currently underway to address this issue through the joint IGBP-DIVERSITAS Fast-Track Initiative (http://www.igbp.net/page.php?pid¼369).
Climate change simulations
Applying the climate change anomalies predicted by the GISS-AOM GCM under the A1B emissions scenario for the 2090s to observed modern climate, and with atmospheric CO 2 increased from 375.7 ppm to 720 ppm, results in a 37.3% increase in global NPP to 80.7 Pg C yr À1 (Table  3, SIM5 ). Figure 5 shows the global distributions of the absolute and relative effects of climate and CO 2 change on NPP, with values for individual GPTs given in Table 3 . The relative change is fairly consistent across C 3 plant types, ranging from +42.9% for moss to +52.9% for broadleaved evergreen shrubs. By contrast, NPP is only increased by 5.9% in C 4 grass and cropland. The major response of NPP comes from the stimulation of C 3 photosynthesis by atmospheric CO 2 , with the largest absolute increases occurring in tropical rainforests (i.e. +6.7 Pg C yr À1 for broadleaved evergreen trees) and C 3 grass and croplands (i.e. +5.5 Pg C yr À1 ) ( Fig. 5A ; Table 3 ). The broad patterns in the spatial distribution of the absolute effects of climate change and increasing atmospheric CO 2 on NPP (Fig. 5A ) are related to the distribution of baseline C 3 production. By contrast, the distribution of the relative effect (Fig. 5B) is dominated by the distribution of C 4 plants, plus the pattern of precipitation anomalies. Despite the general stimulation of NPP, parts of India experience reductions due to the combination of C 4 physiology and reduced radiation.
The response of NPP to climate change alone was tested by re-running SIM5, but with atmospheric CO 2 held at 375.7 ppm. Global NPP was reduced compared to the 2001-2006 baseline simulation by 2.5% (Table 3 , SIM6), although with significant spatial variation (Fig. 6) . The largest relative impacts of climate change alone are over southern Africa, central Australia, northern Mexico, and the Mediterranean region, where reductions in NPP of over 20% are common. Absolute reductions of NPP are greatest in South American tropical rainforests, southern Africa, and the Mediterranean region. Climate change alone is predicted to have modest positive impacts on boreal forest production (needleleaved evergreen and needleleaved cold deciduous tree GPTs in Table 3 ), as well as significant positive impacts on tundra vegetation at high latitudes and on the Tibetan Plateau (Fig. 6B) .
While these climate change predictions are fairly typical, it needs to be borne in mind that the simulations presented here use predictions from just one climate model forced with just one particular emissions scenario.
To what extent can we believe these large positive effects of CO 2 fertilization on NPP, and what will happen to this additional production? Norby et al. (2005) reviewed experimental evidence concerning forest ecosystem NPP responses to increased atmospheric CO 2 . They concluded that NPP is stimulated by a median of 2362% for a CO 2 increase of %376 to %550 ppm. Linear extrapolation of this relationship gives an increase in NPP of 45.5% at 720 ppm, close to the predictions for C 3 GPTs presented here. However, acclimative processes and ecosystem feedbacks may act to change the future response to CO 2 , whereas these simulations assume unchanging leaf photosynthetic capacity and leaf area. Future leaf N and/or area may decrease in response to progressive N limitation (Luo et al., 2004) , whereas increased soil N mineralization at higher temperatures may reduce or negate this effect (Melillo et al., 2002) . Increased soil water levels through stomatal closure may increase leaf area, and so increase the relative response to future CO 2 levels. The balance of these opposing effects will probably differ significantly between regions and plant types and can be addressed using the fully dynamic implementation of the Hybrid6.5 model.
It is important to consider the fate of any additional future production. If the main effect is increased growth of short-lived tissue, such as fine roots (as is believed to occur in elevated CO 2 experimental studies such as that of Norby et al., 2002) , then the gains in NPP may not impact plant growth and food production (although below-ground metabolism will be affected). Other factors will probably also influence the future response of NPP at regional scales, including land use change, stand dynamics, disease, pollution, and the effects of temperature extremes. Respiration may respond to increased CO 2 in ways not predicted by the simple approach used here (e.g. Leakey et al., 2009) , although current understanding of respiration processes limits our ability to construct mechanistic models with the same level of detail as for photosynthesis.
Conclusions
Although observations provide only limited constraints, they suggest that Hybrid6.5 is capable of predicting the global distribution of NPP at least as well as previous approaches, and does so from an improved understanding of leaf-level physiology. The large predicted increase in future tropical rainforest NPP suggests that this ecosystem type could play a major role in limiting future atmospheric CO 2 levels. A major concern is the predicted large negative impact of climate change on primary production throughout southern Africa and the Mediterranean region. The capacity for CO 2 fertilization of photosynthesis to provide increased future food production, and its impact on ecosystem processes, need to be carefully assessed through further model development and sensitivity testing.
Improvements in the predictive abilities of dynamic global vegetation models will come about through a range of activities. The simulations presented here suggest that the following will be of particular value: (i) characterization of spatial and taxonomic variability in basic physiological parameters (such as those listed in Table 1 ); (ii) incorporation of acclimative processes in models; (iii) attention to phenological processes in needleleaved deciduous trees and croplands; (iv) improved observational datasets on ecosystem carbon flows and stocks; and (v) improved understanding of the physiology of carbon metabolism (especially respiration) and the influences of nutrient feedbacks. What is most pressing is that experimentalists and modellers work together to improve understanding and reduce uncertainties.
